Parenchymal destruction, airspace enlargement, and loss of elasticity are hallmarks of pulmonary emphysema. Although the basic mechanism is unknown, there is a consensus that malfunctioning of the extracellular matrix is a major contributor to the pathogenesis of emphysema. In this study, we analyzed the expression of the elastic fiber protein fibrillin-1 in a large number (n ¼ 69) of human lung specimens with early-onset emphysema. Specimens were morphologically characterized by the Destructive Index, the Mean Linear Intercept, and the Panel Grading. We observed a strong correlation (Po0.001) of aberrant fibrillin-1 staining with the degree of destruction of lung parenchyma (r ¼ 0.71), airspace enlargement (r ¼ 0.47), and emphysema-related morphological abnormalities (r ¼ 0.69). There were no obvious correlations with age and smoking behavior. Staining for three other extracellular matrix components (type I collagen, type IV collagen, and laminin) was not affected. The aberrant fibrillin-1 staining observed in this study is similar to that observed in Marfan syndrome, a syndrome caused by mutations in the gene encoding fibrillin-1. Strikingly, emphysema is noticed in a number of Marfan patients. This, together with the notion that disruption of the fibrillin-1 gene in mice results in emphysematous lesions, makes fibrillin-1 a strong candidate to be involved in the etiology and pathogenesis of emphysema.
Pulmonary emphysema is a progressive lung disease that is defined by an abnormal permanent enlargement of airspaces distal to the terminal bronchioles, accompanied by destruction of their walls and without obvious fibrosis. 1 The prevailing theory is that emphysema develops through an imbalance between the proteolytic activity, due to proteases released from inflammatory cells, and the antiproteolytic defense of the lung. This protease/antiprotease imbalance results in the destruction of lung extracellular matrix and eventually leads to emphysema. 2 Another theory is the oxidant/anti-oxidant concept, which postulates that an excess of oxidants and free radicals in the lung directly promotes tissue damage and emphysema. 3 Firm evidence for either of these concepts is lacking and consequently the pathogenesis of emphysema is still an area of intense investigation.
The pathogenesis of emphysema is characterized by the loss of elasticity. The network of elastic fibers is an important structural element in lung parenchyma and is, to a major extent, responsible for the elastic recoil properties of the lung. 4, 5 Elastic fibers are composed of 10-12 nm microfibrils located in and around amorphous elastin. [6] [7] [8] Elastin, the major component of elastic fibers, has attracted much attention in emphysema research. However, evidence that associates elastin to the pathology of emphysema is lacking, although an amino-acid substitution in the elastin gene has been associated with chronic obstructive pulmonary diseases (COPDs), which include emphysema, in one family. 9 Therefore, other molecules present in the elastic fiber may play important roles in the process of emphysema.
Fibrillin-1 is the major component of the microfibrillar part of the elastic fibers, although many other components, including fibulins, [10] [11] [12] microfibril-associated glycoproteins, [13] [14] [15] and emilins, [16] [17] [18] are present. A number of observations have associated fibrillin-1 with developmental emphysema. In man, developmental emphysema has been noticed in patients with Marfan syndrome, an autosomal disorder caused by mutations in the gene encoding fibrillin-1. [19] [20] [21] [22] [23] [24] [25] [26] [27] In mice, disruption of the fibrillin-1 gene results in developmental emphysema. The tight skin mouse, characterized by tandem duplication of 30-40 kb in the gene encoding fibrillin-1, develops emphysematous lesions that are in many ways similar to those observed in humans. [28] [29] [30] [31] [32] In addition, mice harboring a targeted deletion of 6 kb of the fibrillin-1 gene also display emphysematous lesions. 33 Both Marfan syndrome and the two mouse models share a mutated form of fibrillin-1 that gives rise to developmental emphysema. It is, however, unknown if fibrillin-1 also plays a role in the onset of adult emphysema.
This study reports on the role of fibrillin-1 in early-onset emphysema in adult humans. A major problem in the research into the onset of emphysema is the large time span between the initiation of the degenerative disease process and its clinical manifestations. At the time of clinical diagnosis, the process of parenchymal destruction is already in an advanced state, impeding the identification of initiating molecular events. Detailed morphological analysis of lung parenchyma allows for early identification of emphysema, especially since the definition of emphysema is based on morphological parameters. Therefore, we used lung specimens from patients without clinical emphysema but with microscopical emphysema, as defined by destruction of the alveolar wall and enlargement of the airspaces. 34 On the basis of our data, a new concept for the onset of emphysema is proposed.
Materials and methods

Lung Tissue
Lung specimens were obtained from patients undergoing a lobectomy or pneumonectomy, for a localized malignant process, at the University Lung Center Nijmegen. All subjects were studied according to the guidelines of the Medical Ethical Committee of the Radboud University Nijmegen Medical Center. Specimens were sampled distantly from the tumor or in an unaffected lobe. Upon histological analysis, specimens did not show any sign of the underlying disease. Lung function tests were performed before surgery. Lung function data for all patients studied were within normal range, according to ERS standards. 35 
Tissue Processing
Small tissue specimens were taken from resected lung lobes. Each specimen was cut into pieces of equal size. One part was immersed in phosphatebuffered saline (PBS) and inflated under vacuum (13 kPa) for 20 min using a routine water streamdriven device (water aspirator) to restore alveolar dimensions. 36 This part was used for immunohistochemistry (see below). The other-adjacent-part was similarly inflated in PBS containing 4% formalin, embedded in paraffin, and used for morphological analysis (see below).
Morphological Analysis
Three morphological parameters were used to characterize human lung parenchyma and establish the severity of emphysema: the Destructive Index (DI, a measure for early parenchymal destruction), 37 the Mean Linear Intercept (MLI, a measure for airspace enlargement), 38 and Panel Grading (PG, morphological grading of emphysematous lesions). 39 Hematoxylin and eosin (Sigma-Aldrich, St Louis, MO, USA)-stained sections (5 mm) were used.
Destructive Index
Using a microscopic point count technique, the DI was evaluated. Microscopic fields devoid of large bronchiole, large blood vessels, collapsed tissue, or extensive fibrosis were selected. For each lung specimen, an average of five different sections was used, and representative non-overlapping fields were selected. Alveoli lying underneath the counting points were evaluated for the presence of destruction. Destruction was defined on the basis of one or more of the following criteria: (a) at least two alveolar wall defects, (b) at least two intraluminal parenchymal rags in alveolar ducts, (c) clearly abnormal morphology, or (d) classic emphysematous changes. 37 The percentage of all the points falling into these categories was computed to yield the DI. Generally, 750 points were analyzed per specimen with maxima up to 5000 points. A DI value of 0-30% was considered normal. 37 
Mean Linear Intercept
The MLI is a measure for airspace enlargement. To determine the MLI, the same images as described above were used. A transparent sheet with 10 horizontal and 11 vertical lines was laid over the images, and intercepts of alveolar walls with these lines were counted. Values were corrected for tissue shrinkage by measuring the dimensions before and after histological processing. The correction factor was 0.82, which is in accordance with earlier studies. 40 A total of 2500 intercepts were counted per specimen with maxima up to 18 000 intercepts.
Panel Grading
The degree of emphysema in the images described above was analyzed by comparing the images with a panel of reference images. The grading ranged from 0 (normal tissue) to 100% (complete destruction). The PG value was expressed as an average percentage of severity of the lesions. The average number of measured slides per specimen was 6.
Study Group
Sixty-nine lung parenchymal specimens, derived from patients without clinical emphysema, were selected on the basis of the three morphological parameters (DI, MLI, and PG). All of the 69 specimens studied were derived from patients with a history of smoking, ranging from 10 to 100 pack years. The characteristics of this study group are depicted in Table 1 . Specimens originating from patients who had never smoked and had values within the normal range were used as a control (n ¼ 7). Specimens originating from patients with other pulmonary diseases (large cell carcinoma (n ¼ 2) and sarcoidosis (n ¼ 2)) were studied to evaluate the specificity of the data.
Immunohistochemistry
All incubations were performed at room temperature, unless stated otherwise. Cryosections of 2 mm were cut and endogenous peroxidase was blocked with 0.3% (v/v) H 2 O 2 in PBS for 1 h. Subsequently, sections were washed in PBS and incubated for 30 min with 1% (w/v) bovine serum albumin (fraction V; Sigma-Aldrich) in PBS (block buffer).
Sections were incubated overnight with mouse antifibrillin-1 (mAb 1919, raised against bovine zonular fibrils; Chemicon International, Temecula, CA, USA) diluted 1:1000 in block buffer. After three washes in PBS, the primary antibody was detected with a biotinylated horse anti-mouse IgG antibody (Jackson Immuno Laboratories, West Grove, PA, USA) for 1 h, followed by enhancement with the avidin-biotin-peroxidase complex (Vectastain ABC Elite kit; Vector Laboratories Inc., Burlingame, CA, USA) for 1.5 h. After three washes in PBS, the sections were incubated with diaminobenzidine substrate (DAB) (Sigma-Aldrich), enhanced with nickel. After a final wash in PBS, the sections were counterstained with hematoxylin (Sigma-Aldrich) and mounted in entellan (Merck, Darmstadt, Germany).
Using the method described above, three other antibodies were used, namely, rabbit anti-laminin (L9393, 1:100 dilution; Sigma Immuno Chemicals, St Louis, MO, USA), a rabbit antibody against bovine type I collagen (1:100 dilution; Chemicon International), and a goat antibody against human type IV collagen (1340-01, 1:100 dilution; Southern Biotechnology Associates, Birmingham, AL, USA). Biotinylated donkey anti-rabbit IgG and donkey anti-goat IgG (Jackson Immuno Laboratories) were used to detect the primary antibodies.
All sections were randomly coded, and immunoreactivity was scored independently by two observers using a semiquantitative scale ranging from 0 (linear staining, no fragmentation) to 6 (punctuate staining, extensive fragmentation).
Statistics
Results were calculated with SPSS 11.0 (SPSS Inc., Chicago, IL, USA) using Spearman's two-sided ranked correlation and plotted in a scatter diagram. 
Results
Study Group
As depicted in Table 1 , lung function of the 69 patients studied did not meet the GOLD (Global Initiative for Chronic Obstructive Lung Disease) criteria 41 for the diagnosis of emphysema. Sixtynine lung specimens were morphologically characterized for their degree of microscopical emphysema using the DI as a marker for early parenchymal destruction, the MLI as a marker for airspace enlargement, and the PG index as a value for emphysematous lesions. Three groups were formed: normal specimens, specimens with a moderate degree of microscopical emphysema, and specimens with a high degree of microscopical emphysema (Table 1) .
General
To study fibrillin-1 expression, parenchymal lung specimens were stained with an antibody against fibrillin-1. In control specimens, fibrillin-1 was abundantly expressed in a characteristic fibrillar pattern (Figure 1a and b) . Fibrillin-1 was identified in alveoli as elongated fibers meandering throughout the septa. No significant disruption of the linear fibrillin-1 staining was observed. In contrast, in specimens with a high degree of microscopical emphysema, the linear fibers were (almost completely) fragmented and had a punctuate appearance ( Figure 2f ).
Next to fibrillin-1, we studied other extracellular matrix components, namely, type IV collagen and laminin (both confined to basement membranes) and type I collagen. Type IV collagen and laminin showed a typical linear basement membrane staining (Figure 3d-f and g-i, respectively), whereas type I collagen was present as a typical fibrillar staining (Figure 3a-c) . Staining for these extracellular matrix components did not reveal any differences in abundance or distribution for all specimens examined (Figure 3 ).
Aberrant Fibrillin-1 Staining is Associated with Early Parenchymal Destruction
The DI reflects the degree of parenchymal destruction and is considered the most sensitive marker for early emphysematous lesions. Lung specimens characterized by a low DI (normal lung specimens), indicating no parenchymal destruction, expressed fibrillin-1 abundantly (Figure 2d ). This expression was comparable to the fibrillin-1 expression seen in control tissue (Figure 1) . In lung specimens with moderate manifestations of parenchymal destruction (moderate degree of microscopical emphysema), fibrillin-1 expression was moderately disrupted and slightly reduced (Figure 2e ). Lung specimens, characterized by severe manifestations of parenchymal destruction (high degree of microscopical emphysema), displayed a markedly reduced and fragmented fibrillin-1 staining, characterized by a punctuate appearance (Figure 2f) . To semiquantify the degree of fragmentation, we used an arbitrary scale from 0 (no fragmentation) to 6 (complete fragmentation). When the degree of fibrillin-1 fragmentation was plotted against the degree of Figure 1 Fibrillin-1 immunostaining in normal human lung parenchyma. Two cryosections, derived from a 21-year-old patient who had never smoked and had no aberrant morphological parameters, were incubated with an antibody against fibrillin-1 (a, b). Bound antibody was visualized with biotinylated anti-mouse IgG followed by DAB incubation. Note the abundant fibrillar fibrillin-1 staining, which meandered throughout the alveolar septa. Bar ¼ 50 mm.
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Aberrant Fibrillin-1 Staining is Associated with Airspace Enlargement and Emphysematous Abnormalities
The MLI is a parameter for airspace enlargement. The presence of fragmented fibrillin-1 staining was plotted against the MLI ( Figure 5 ), and a significant correlation (Po0.001) was observed. The PG value reflects the overall degree of emphysematous abnormalities. A significant correlation (Po0.001) was observed between the amount of fibrillin-1 fragmentation and PG ( Figure 6 ).
Aberrant Fibrillin-1 Staining is not Associated with Age
The process of emphysema is age-dependent. Therefore, it may be assumed that the fibrillin-1 fragmentation is dependent on age. However, this appears not to be the case. When fibrillin-1 fragmentation was plotted against age (Figure 7a ), no significant correlation was observed. Fibrillin-1 fragmentation was present at the same level in all age categories. For instance, staining derived in a specimen from a young individual (42 years) with a high DI (70%) was highly fragmented, as was staining in a specimen from an older individual (68 years) with a high DI (87%) (Figure 7c and e). Likewise, a young individual (41 years) with a low DI (11%) displayed a normal fibrillin-1 staining, as did an older individual (78 years) with a low DI (23%) (Figure  7b and d).
Aberrant Fibrillin-1 Staining is not Associated with Smoking Behavior
The degree of clinical emphysema is strongly correlated with smoking behavior. However, when fibrillin-1 fragmentation was plotted against smoking behavior, as expressed in pack years (one pack year is equal to smoking one pack of cigarettes per day during one year), no correlation was detected ( Figure 8 ).
Aberrant Fibrillin-1 Staining is not Associated with other Lung Diseases
To evaluate the specificity of the aberrant fibrillin-1 staining for the process of emphysema, specimens derived from patients with other lung diseases (large cell carcinoma and sarcoidosis) were Compared to the lung specimens with no manifestations of alveolar destruction (d), where an abundant and branched fibrillin-1 staining was seen, a reduced fibrillin-1 staining was apparent in lung specimens with moderate manifestation of alveolar destruction (e). The staining showed fragmented fibers (arrows) instead of elongated fibers. In specimens with severe manifestations of alveolar destruction, fibrillin-1 staining was markedly reduced and had a dot-like or punctuate appearance (f, arrows). Bar ¼ 50 mm.
immunostained for fibrillin-1 ( Figure 9 , for large cell carcinoma). Fibrillin-1 expression in these specimens was abundant with a striking absence of fibrillin-1 fragmentation, indicating the specificity of our observations.
Discussion
In this study, we showed that an aberrant fibrillin-1 staining in lung specimens was significantly associated with the three most important morphometric parameters for emphysema: the DI (alveolar destruction), the MLI (airspace enlargement), and the PG (emphysema-related morphological abnormalities).
Since emphysema is defined by an abnormal permanent enlargement of airspaces and by destruction of their walls, characterization of the disease with morphological parameters such as DI and MLI is a prerequisite to study the pathogenesis of emphysema. We collected lung specimens that had microscopical emphysema, as judged by morphometric analysis. 34 Despite these morphological abnormalities, lung function tests were still within normal range, indicating that the process of lung destruction is still at an early stage. Lung function tests are a useful tool to diagnose COPD, a collective term including chronic bronchitis and emphysema. However, because lung function tests reflect airway obstruction and not loss of pulmonary parenchyma, Figure 3 Type I collagen, type IV collagen, and laminin immunostaining. Cryosections derived from a normal lung specimen (63 years, DI ¼ 18%, MLI ¼ 231 mm, PG ¼ 12%) (a, d, g), a specimen with a moderate degree of microscopical emphysema (58 years, DI ¼ 60%, MLI ¼ 273 mm, PG ¼ 52%) (b, e, h), and a specimen with a high degree of microscopical emphysema (68 years, DI ¼ 87%, MLI ¼ 317 mm, PG ¼ 85%) (c, f, i) were incubated with an antibody against type I collagen (a-c), type IV collagen (d-f), and laminin (g-i). Bound antibody was visualized with biotinylated IgG followed by DAB incubation. Note the fibrillar staining pattern for type I collagen and the liner basement membrane staining for type IV collagen and laminin. Type I collagen, type IV collagen, and laminin staining in specimens with a moderate or high degree of microscopical emphysema was similar to the staining in observed normal lung specimens. Bar ¼ 50 mm.
the use of these tests to merely establish emphysema is controversial. [42] [43] [44] Besides that, the relationship between lung function data and the morphological assessment of emphysema has been described as poor. [45] [46] [47] [48] Owing to this insensitivity, lung function tests are of limited value to identify the onset of emphysema. Therefore, clinical manifestations of emphysema are only evident in patients with a wide spread and advanced emphysema. 46, [49] [50] [51] [52] [53] [54] [55] Indeed, autopsy studies have indicated that one-third of the lung can be affected by emphysema before respiratory function is impaired. 56 The onset of emphysema is a process that can only be measured accurately by microscopic measurements. Therefore, this study used lung specimens from patients without clinical manifestations, but with morphological abnormalities indicative of early-onset emphysema. This unique data set allowed us to analyze initiating molecular events in the pathogenesis of emphysema.
Our data suggest that fibrillin-1 is an important player in the onset of adult emphysema. This notion is underlined by the observation that staining for other extracellular matrix molecules (laminin, type I collagen, and type IV collagen) was not aberrant. The hypothesis that fibrillin-1 is a major player in the onset of emphysema is corroborated by other lines of research that have correlated fibrillin-1 with developmental emphysema. Mutated forms of fibrillin-1 are causative for developmental emphysema in mouse models. 30, 32 Tight skin mice, characterized by a tandem duplication of 30-40 kb in the gene encoding fibrillin-1, 31 have an abnormal immunostaining for fibrillin-1. 29 Fibroblasts from these mice synthesize and secrete normal as well as oversized fibrillin-1 protein. 28, 29 The resulting abnormal fibrillin-1 assembly results in emphysema that is in many ways similar to that observed in humans. Emphysematous lesions are also observed in another mouse model harboring a targeted deletion of 6 kb in the fibrillin-1 gene. 33 As a result, elastic fibers have less tensile strength, resulting in mechanical collapse, overstretching, and fracturing. At such sites, the influx of inflammatory cells is noted. In man, mutations in the fibrillin-1 gene are causative for Marfan syndrome, an autosomal disorder affecting the cardiovascular, skeletal, and ocular system. 20, 22, 24 To date, over 500 fibrillin-1 mutations have been identified. 57 Mutations are found throughout the gene and result in a reduced Aberrant fibrillin-1 in emphysematous lung AA Robbesom et al fibrillin-1 synthesis, a delayed secretion, and thus an impaired fibrillin-1 deposition into the matrix. The fragmented fibrillin-1 staining observed in our lung specimens is similar to the fibrillin-1 staining observed in skin specimens from Marfan patients. 58, 59 Strikingly, developmental emphysema has been noticed in a number of Marfan syndrome patients, although studies are scarce. In one study, three out of four autopsied cases (44, 23 , and 25 years of age) displayed emphysema on microscopical examination, as indicated by dilatation of Figure 7 Lack of correlation between fibrillin-1 fragmentation and age. (a) Fibrillin-1 as a function of age. By means of an arbitrary scale ranging from no fragmentation (0) to maximal fragmentation (6), fibrillin-1 fragmentation was plotted against age. No significant correlation was found between fibrillin-1 fragmentation and age. The regression coefficient equals 0.15. Each point represents an individual patient. (b-e) Fibrillin-1 immunostaining in specimens from patients with similar age, but different DIs. Cryosections derived from a young patient (41 years) with a low DI (11%) (b) and a young patient (42 years) with a high DI (70%) (c) were incubated with an antibody against fibrillin-1. Likewise, cryosections from an older patient (78 years) with a low DI (23%) (d) and an older patient (68 years) with a high DI (87%) (e) were immunostained for fibrillin-1. Bound antibody was visualized with biotinylated anti-mouse IgG followed by DAB incubation. Note the abundant, helical, fibrillin-1 staining in the young patient and older patient with a low DI (a, d) and the small, dot-like fibrillin-1 structures (arrows) in the young patient and older patient with a high DI (b, e). Bar ¼ 50 mm. Fibrillin-1 immunostaining in a lung specimen derived from large cell carcinoma. A cryosection from non-emphysematous tissue (DI ¼ 20%, MLI ¼ 264 mm, PG ¼ 22%; age of patient: 57 years, and 40 pack years), affected by large cell carcinoma, was incubated with an antibody against fibrillin-1. The section contains alveolar fibrosis, due to a desmoplastic reaction, and infiltrated cells. Bound antibody was visualized with biotinylated anti-mouse IgG followed by DAB incubation. Note the abundant fibrillin-1 staining, which was present throughout the alveolar septa. Bar ¼ 50 mm. alveolar spaces and rupture of alveolar walls. Fragmented elastic fibers, with a granular appearance, and microfibrils were noticed. 26 In another study, four out of four infants with Marfan syndrome had microscopic emphysema similar to that observed in older patients with emphysema but without Marfan syndrome. 19 In yet another study, four out of four infants with Marfan syndrome had microscopical features of emphysema, with interrupted, fragmented, and clumped fibers that were not observed in 13 control infants. 25 About 5% of the Marfan patients develop bullous emphysema, as detected by chest radiography. 27 In neonatal Marfan syndrome, a severe form of the disease, emphysema, is common. 21, 23 It should be noted that the presence of emphysema in patients with Marfan syndrome may very well be underestimated. Patients are generally not examined for emphysema/COPD. Before the use of b-blockers and cardiovascular surgery, patients generally died in their late 30s, an age at which clinical emphysema is generally not manifest.
The observation that fibrillin-1 fragmentation is not correlated with smoking behavior or age is intriguing. Smoking is considered the most important risk factor for emphysema, but, for unknown reasons, only 15% of smokers actually develop clinical emphysema. 60 This paradox suggests that, besides smoking, another factor must be involved in the susceptibility to emphysema. Is there another risk factor for emphysema besides smoking? Familial aggregation, implying a genetic predisposition, has been observed for emphysema. [61] [62] [63] [64] This suggests that next to environmental causes, genetic influences are of importance for the susceptibility to emphysema. Clinical emphysema would thus result from combined external risk factors and intrinsic host factors. Emphysema has been associated with polymorphisms in genes encoding epoxide hydrolase, 65 vitamin D-binding protein, 66 and heme oxygenase. 67 However, strong associations between these polymorphisms and the elastic recoil properties of the lung are lacking and correlations with protein levels in human lung have not been reported. 68, 69 Our study presents data that correlate fibrillin-1 to the onset of adult emphysema. This, together with the notion that mutations in the fibrillin-1 gene may result in emphysematous lesions in man (Marfan syndrome) as well as mice, makes the fibrillin-1 gene a strong candidate for the predisposition of smokers to emphysema. The following hypothesis may now be put forward: a mutation in the gene encoding fibrillin-1 results in a (moderately) affected fibrillin-1 protein in the lung. Once the lung is challenged, for example, by smoking, the affected fibrillin-1 will lead to defective elastic fibers and to the loss of elasticity, which is the major hallmark of emphysema. Owing to the loss of elastic fibers, breathing will be compromised and clinical emphysema will develop.
